Wright State University

CORE Scholar
International Symposium on Aviation
Psychology - 2011

International Symposium on Aviation
Psychology

2011

Assisting Pilots in the Transition from Self-Separated to
Controlled Airspace
P. Panman
J. Ellerbroek
A. C. in ‘t Veld
M.M. van Paassen
M. Mulder

Follow this and additional works at: https://corescholar.libraries.wright.edu/isap_2011
Part of the Other Psychiatry and Psychology Commons

Repository Citation
Panman, P., Ellerbroek, J., in ‘t Veld, A. C., van Paassen, M., & Mulder, M. (2011). Assisting Pilots in the
Transition from Self-Separated to Controlled Airspace. 16th International Symposium on Aviation
Psychology, 275-280.
https://corescholar.libraries.wright.edu/isap_2011/69

This Article is brought to you for free and open access by the International Symposium on Aviation Psychology at
CORE Scholar. It has been accepted for inclusion in International Symposium on Aviation Psychology - 2011 by an
authorized administrator of CORE Scholar. For more information, please contact library-corescholar@wright.edu.

ASSISTING PILOTS IN THE TRANSITION FROM SELF-SEPARATED TO CONTROLLED AIRSPACE
P. Panman, J. Ellerbroek, A. C. in ‘t Veld, M. M. van Paassen, M. Mulder
Faculty of Aerospace Engineering, Delft University of Technology,
Kluyverweg 1, 2629 HS Delft, The Netherlands.
A concept for a four-dimensional planning interface is proposed, designed to assist pilots with the
transition from unmanaged to managed airspace. The interface concept visualizes constraints on
aircraft trajectory, that result from future separation and timing requirements, and facilitates direct
manipulation of waypoints, speed profiles and altitude profiles. A preliminary evaluation of the
concept showed that subjects were able to replan their 4D trajectory successfully in 71 out of 72
scenarios. Recommendations for future research are the addition of separation affordance overlays
to the vertical and speed profiles, and adding timing affordance overlays in all profiles.
As airports and airways are becoming more crowded, pressure to reduce costs is increasing and standards for
safety are set higher (FAA, 2009). In addition, the demand for air traffic is expected to be 2.4 times higher in 2025,
compared to 2006 (SESAR, 2006). One approach to resolve some of these issues is to designate parts of the airspace
as self-separated airspace. In these parts of the airspace, the responsibility of separation is delegated to individual
aircraft. This will allow pilots to plan optimal routes and to reduce costs and delays, with the aid of automated
separation assurance systems to resolve conflicts with other traffic. It is assumed that in dense traffic situations, such
as the airspace around airports, separation will remain the responsibility of Air Traffic Control (ATC). The transition
between these types of airspace will require a transfer of control. To ensure a safe and orderly transition, the
air-traffic controller could assign merging aircraft a Required Time Over (RTO) at an entry point, see Figure 1. This
additional four-dimensional constraint in the final phase of the flight will add to the complexity of the pilots’ tasks.
As an aid for this merging task, the current study proposes an interface concept, designed to assist pilots in the task of
merging from self-separated to controlled airspace. The remainder of this paper presents the interface design,
followed by a summary of the results from a preliminary evaluation experiment. The paper concludes with a short
dicussion on the results and current issues with the display, and reccommendations for future work.
Interface Design
A basis for a work-domain model for the merging application is provided by several earlier publications
(Amelink, Mulder, van Paassen, & Flach, 2005; Borst, Suijkerbuijk, Mulder, & van Paassen, 2006;
Borst, Mulder, & van Paassen, 2010; van Dam, Mulder, & van Paassen, 2008;
Heylen, van Dam, Mulder, & van Paassen, 2008; Ellerbroek, Visser, van Dam, Mulder, & van Paassen, 2011). A
number of additional constraints and observations can be made for the current application: 1. Merging requires
aircraft to be lined up closely which implies reducing separation. 2. Separation between aircraft is determined by the
full 4D trajectories of all involved aircraft. 3. The 4D trajectory must be achievable within the flight envelope and the
energy constraints. 4. Separation is maintained when no other aircraft enter the own aircraft’s Protected Zone (PZ). 5.
Creating a conflict-free 4D trajectory requires the full 4D trajectory of the other aircraft.
Controlled Airspace
Entry Point

Self Separated Airspace

Figure 1: Airspace layout, entry point and 4D aircraft trajectories
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Figure 2: The interface concept. 1.
Navigational Display (ND), 2.
Speed Profile Display (SPD), 3.
Vertical Situation Display (VSD), 4.
Own current trajectory (magenta), 5.
Conflict on trajectory (red line), 6.
Own alternative trajectory (yellow), 7.
Alternative waypoint locations (red
causes conflict), 8. Separation circles
of 2.5 NM radius, 9 Entry point, 10.
Current own aircraft position, 11.
Current other aircraft position, 12.
Anunciation of current time, ∆RTO,
and prediction lookahead

Several assumptions were made to narrow down the boundaries of this merging study. First, the airspace
near the entry point is assumed to be for destination traffic only, to avoid conflicts with unrelated traffic. Separation
minima are defined as a flat cylindrical area around each aircraft, with a horizontal diameter of 5 NM and a vertical
height of 1,000 ft. (International Civil Aviation Organization, 1996). Also, a speed limit of 250 kts is imposed below
10,000 ft, based on restrictions in the Dutch airspace(AIS Netherlands, 2009). As a requirement for the constraint
visualization, it is assumed that each aircraft shares its planned 4D trajectory. Also, each arriving aircraft has
previously been assigned a required time of arrival, and a sequence number.
The main task is to fly the aircraft to the merge point while maintaining separation, meeting the entry point
requirements and performing the flight in an efficient manner. In this situation, the planned spacing at the entry point
will be the deciding factor for the traffic density upstream. Additionally, the proximity to the entry point will
determine the amount of flexibility when replanning to assure separation, or meet constraints. Obviously, ownship
performance limits and and efficiency requirements will further constrain maneuverability. Within these constraints,
changes to the 4D trajectory can be made using waypoint modifications such as dog legs tromboning or holding
patterns, and changes to the altitude and speed profiles.
Figure 2 shows the proposed interface concept. It contains three main parts. On top, the
Navigational Display (ND) shows the horizontal trajectory, its waypoints, and the airspace layout. In the middle, the
Speed Profile Display (SPD) shows the Calibrated Airspeed (CAS) commands and the resulting profile plotted
against the Along Track Distance (ATD). On the bottom, the altitude commands and the resulting profile are plotted
on the Vertical Situation Display (VSD) against the ATD. The altitude and speed commands will be executed at the
specified ATD, as if entered in the Mode Control Panel (MCP) at that time. Together, the waypoints and commands
form the intent. Combined with the ground track defined by the waypoints, atmospheric conditions and the aircraft
performance, this defines the full 4D trajectory in terms of position, altitude and time.

The interface concept supports the pilot in his merging task in several ways. In order to make changes to the
current intent, pilots must enter the planning mode. In this mode, the pilot can make an alternate trajectory, based on
the planned trajectory, to resolve any conflicts. When these modifications are executed, the alternate trajectory
becomes the active trajectory, which is also communicated to the other aircraft. Modifications can be done by direct
manipulation of the waypoints. Speed and altitude commands are indicated by arrows, and can be altered by scaling
or moving the arrows. The target speed or altitude is determined from the vertical location of the arrow head on the
screen.
The interface also has the possibility to show a prediction of a future situation, based on the published
trajectories. This enables pilots to visually inspect conflicts, and the consequences of trajectory modifications. In this
prediction, aircraft are shown on the ND as circles with half the separation margin as its radius. This way, separation
is guaranteed, as long as the circles do not overlap.
The segments of the own trajectory where ownship violates separation with one or more other aircraft are
colored red, to allow pilots to identify problems with the current plan. In order to further assist pilots with replanning,
a grid appears around a waypoint when it is being dragged on the ND. For each location in this grid, it is determined
whether placing the waypoint on that location will cause one or more conflicts. The locations in the grid yielding a
conflict will be colored red, others will not be colored. The grid forms a separation affordance overlay in which the
selected waypoint can safely be placed. Multiple conflicts along the trajectory result in brighter red colors to indicate
the conflict severity. Only locations in the square around the originally selected waypoint location are calculated. The
limits of the conflict grid are indicated by the thin square around it. Finally, the interface also shows the estimated
time of arrival at the entry point, and the difference with the required time of arrival.
Evaluation and Results
An evaluation was performed, to evaluate how well pilots could use the interface to perform the task of
maintaining separation and meeting entry point requirements. Objective measures consisted of time to last accepted
modification, The number of times a modification was made (and how), deviation from the RTO, and minimum
separation during scenario. On a subjective level pilots were asked how they experienced working with the interface,
which features they found useful, which were lacking and which could be improved. They were also asked to give an
indication of required effort in terms of Rating Scale Mental Effort (RSME)(Zijlstra, 1993). Six professional airline
pilots (min. 500hrs. glass cockpit exp.) evaluated the interface using twelve measurement scenarios.The evaluation
results are gathered by observing the subjects during the runs, from the logged run data and from the questionnaire
answers. They are presented and discussed in this section.
Figure 3(a) shows the absolute RTO error at the entry point. It can be seen that all scenarios except for 5&11
were solved within the 30 seconds RTO error margin. Furthermore, scenarios 2&8 were very densely spaced at the
entry point, and the aircraft ahead in the sequence was also late. Therefore, flying over the entry point 15 seconds
later was actually desired to stay out of conflict and to build in a little extra separation, which is what the subjects did.
With scenario 11, the problem occurred that not enough commands were available on the speed and altitude profile.
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(a) Absolute error in RTO

Figure 3: Processed run data
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(b) Separation safety margin
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(c) Clicks on ND, SPD and VSD per scenario

Due to this, a few runs for this scenario were solved sub-optimally, while the others were solved with much less time
error. This explains the large spread in RTO error. The separation safety margin that pilots achieved with the other
aircraft is shown in Figure 3(b). It shows that the separation requirement was never violated. The final objective
measure was the number of times a waypoint or command is dragged before obtaining the final trajectory. These
modifications are spread across the three trajectory profiles, the ND, SPD and VSD. Figure 3(c) shows these per
scenario, where again scenarios 1&7 were replanned with very little modifications, and scenarios 5&11 with many.
All scenarios except for 5&11 are a mixture of mostly VSD and ND modifications, while 5&11 barely used any ND
modifications. This can be explained with the fact that scenarios 5&11 were very late. Since the ground tracks of
5&11 already headed directly towards the entry point, not much could be changed on the ND to gain more time. The
other scenarios were early, so speed changes and path stretching were an option to arrive later. Most scenarios needed
some fine-tuning to their altitude profile.
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Subjects answered questions in the three parts of the run
questionnaire as well as the questions in the post-evaluation questionnaire. In
the pre-run questionnaire, subjects indicated their observations on the scenario
and how they intended to resolve it. Some subjects tried to predict whether
a change in only one of the trajectory profiles would be sufficient, or whether
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After each run, subjects rated the effort required in terms of the
RSME scale and they judged their own performance. The RSME scores are
shown in Figure 4. It can be seen that scenario 5 required much effort, while
its mirror scenario, scenario 11, resulted in a far lower effort rating. Scenarios
1&7 were perceived to require only little effort.
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Figure 4: RSME scores

Figure 5(a) shows that scenarios 5&11 also score worse in terms of timing performance. Also scenarios 2&8
were rated low, possibly due to the fact that the leading aircraft was late at the entry point. As the separation was
maintained in the end for all the runs, the subjects scored their separation nominal or higher in Figure 5(b). Scenarios
2&8 featured a high density at the entry point and scenarios 5&11 started close to another aircraft, most likely these
were contributing factors to low separation scores. Figure 5(c) shows subject rated efficiency. Again, scenarios 5&11
performed very poorly. This is readily explained because to meet the time requirement, the subjects had to increase
the speed to the maximum as long as possible and then slow down to 250 kts CAS again. Subjects correctly identified
this as a reduction in efficiency.
In addition to providing the RSME and performance scores, subjects filled in the open questions indicating
that they solved most of the scenarios as planned. For some scenarios subjects indicated that they modified a different
trajectory profile than they had originally planned. For example, some scenarios were early and high. Reducing speed
earlier would meet the RTO, but it decreased descent performance. A lateral deviation was also required to also meet
the altitude requirement at the entry point. For scenarios 5&11, subjects indicated that it was very hard to meet the
timing requirement.

5
4
3
2
1
0

1 7

2 8

3 9
4 10
Scenario

5 11

Nominal

6
Number of votes

Number of votes

Good

6 12

(a) How would you judge your performance regarding the time flying over the entry point?
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(b) How would you judge your performance regarding maintaining separation with other aircraft?

Figure 5: Subjective ratings for timing, separation and efficiency.
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(c) How would you judge your performance regarding execution of an efficient flight? (For
example, consider fuel burn)

Results from the rating questions show that subjects were most positive about the conflict overlay. This
could be because it provides a direct mapping between the location of waypoints and the goal of separation. The task
of 4D replanning while maintaining separation is at the Knowledge Based Behavior (KBB) level of human
performance, as it requires making changes to satisfy goals, while keeping the constraints in mind. By maintaining
separation using direct manipulation of waypoints, and by showing overlays that reveal the traffic constraints,
complexity of the task is reduced, and a lower level of control is possible. Finally, not all scenarios could be solved
using only horizontal changes. Because little assistance was provided for the speed and altitude profile modification,
the task of maintaining separation overall still remained challenging.
Subjects were only moderately positive about using the trajectory predictions. Some indicated they used it
mostly to verify the new plan, while others actively used it while modifying the plan. It was expected that this
statement would score more positively, because it helps them visualize how constraints are separated in time.
Generally, human beings are better at working in the spatial domain than in the temporal
domain(van Marwijk, Mulder, Mulder, van Paassen, & Borst, 2009). Additionally, trends such as large speed
differences cannot be observed well by looking at slowly evolving scenarios. Using the trajectory predictions, speed
differences could be more easily observed, and conflict aircraft that were initially out of range could also be detected
more quickly.
The subjects also provided feedback on what was missing from the interface or what could be improved.
Some subjects mentioned they missed the paths of the other traffic on the VSD. Additionally, the subjects indicated
that they used the sequence number frequently, as well as the red colors on the path indicating a conflict.
Discussion
In the evaluation experiment, subjects were able to modify their 4D trajectory reasonably well using the
interface. From observations during the experiment, run data and from the questionnaire results, several issues
regarding the usability of the interface were identified, which are discussed in this section. The scope of this
evaluation was to obtain feedback from professional airline pilots on the usability of the display concept. The results
obtained are therefore mostly subjective. Future experiments should provide a more objective evaluation of a matured
version of the concept.
As the conflict overlay on the ND was positively rated by the subjects, the same principle can be applied to
the SPD and VSD. A grid around the selected speed or altitude command can indicate new locations of the command
where the conflict will be resolved or not. Additionally, subjects would have liked to see the altitude profiles of other
merging aircraft projected onto the own vertical profile. This is expected to provide pilots more information of the
altitude plans of other nearby aircraft, and should help them decide on a well-informed course of action. Next to
expanding the conflict overlay to the other profiles, an additional overlay can indicate whether the entry point
requirements such as time, altitude and speed are met. Multiple overlays together can give pilots a very quick insight
in locations that meet most or all requirements.
An important concern raised was cooperation between conflicting aircraft. In this evaluation, a subject had
to navigate through a static traffic scenario of fixed 4D trajectories of other aircraft. In a real conflict situation, each
of the involved aircraft will notice the conflict and try to resolve it. To prevent that all the affected aircraft will try to
solve the conflict individually, a system of rules and priorities could be used, e.g. a modified version of the ‘rules of
the air’. These rules would structure how conflicts are resolved by making one aircraft responsible for solving a
conflict between two aircraft. Additionally, aircraft resolving a conflict could communicate their intent to the other
aircraft in the conflict.
Conclusions and Recommendations
The preliminary evaluation experiment of the transition display concept, proposed in this paper, showed that
of the 72 runs, 71 were successfully replanned such that minimum separation was maintained, and where possible
timing constraints were met. The one run that resulted in a conflict situation could not be replanned due to resolvable
limitations in the current version of the interface. An important feedback is that the subjects responded in a positive
way to the features provided by the interface, where the most appreciated feature was the conflict overlay on the ND.

Finally, the planning flexibility offered by the interface resulted in subjects solving scenarios in different ways, but
still successfully. An important reccommendation for improvement from pilots was the addition of constraint
overlays to the vertical and speed profiles as well. A more complete evaluation of the display concept should also
investigate coordination between conflicting aircraft when resolving a mutual conflict, as this is one of the main
concerns with self separated airspace, especially when merging towards a common point.
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